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Abstract 
This reservoir geomechanical study assesses the impact on top and fault seals integrity of fluid pressure changes 
associated with carbon dioxide (CO2) storage in a saline formation. The case studied is the CO2SINK experiment at  in 
Ketzin, Germany, where up to 60 ktons of CO2 are being injected. Injection commenced in June 2008.  
A 3-dimensional (3D) geomechanical model of the site is built through integrated analyses of geologic, seismic, 
logging, drilling, and laboratory test data.  First, the grid is expanded from a reservoir model up to surface, down to 
basement and laterally by about 3 times the pressure perturbation dimensions, while honouring all available structural, 
stratigraphic and lithological data. The grid cells are populated with density, poroelastic and strength properties upscaled 
from a 1-dimensional (1D) mechanical model built and validated along the Ktzi 201/2007 CO2 injector well. Cells cut 
by faults are considered an equivalent medium representative of a jointed rock mass. 
The 3D geomechanical model is then dynamically linked to the reservoir model. Static equilibrium prior to injection is 
achieved by applying initial fluid pressure and gravity loads, as well as stress boundary conditions chosen so as to match 
in situ stress measurements. Stress path and rock deformation associated with CO2 injection are then simulated. Pressure 
change data is passed from the flow simulator to the geomechanical simulator at selected time steps. Calculated stress 
path and strains are then used to investigate the possible occurrence and location of caprock failure and fault 
reactivation. Other results, such as ground surface elevation changes and sources of uncertainties are also highlighted. 
No failure is observed in the caprock and faults remain stable during CO2 injection operations. Limited vertical 
displacement (maximum 5 mm) is predicted at surface. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Reservoir geomechanics; seal integrity; fault reactivation; surface deformation; Ketzin. 
INTRODUCTION 
Geological storage performance is often evaluated in terms of capacity, injectivity and containment (Jammes et al., 
2006). Because carbon dioxide (CO2) injection alters the pressure around the injection well and across the reservoir, it 
also affects the state of stress within the reservoir and surrounding rocks. Pressure and stress changes result in rock 
deformation which may impact seal integrity. These geomechanical effects must be evaluated in order to ensure 
containment and to assess leakage-incurred risks. Forecasting such effects requires a 3-dimensional (3D) geomechanical 
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model of the site describing in situ rock stresses, fluid pressure, poroelastic and strength properties of the formations. 
Initial conditions at static equilibrium are computed. This mechanical model is linked to a reservoir model to further 
simulate the stress path, deformations and potential failure associated with a given CO2 injection scenario. Results are 
investigated to determine if the caprock and faults remain stable, within a reasonable distance from the failure envelope. 
We present a reservoir geomechanical study of CO2 storage operations in an onshore saline formation. First, an 
overview of the project and local geological settings is given as well as a summary of the 1-dimensional mechanical 
earth model (1D-MEM) from which the 3D model (3D-MEM) is expanded. We will explain the building and 
initialization of the static 3D-MEM, followed by results from the CO2 injection simulation.
A CO2 EXPERIMENT AT KETZIN 
This work is part of the CO2SINK project, which is the European Union’s first research and development activity on in 
situ testing of onshore geological storage of CO2 (Förster et al., 2006). The project started in April 2004. The CO2SINK 
research consortium directing this project is led by the German Research Centre for Geosciences (GFZ). Geomechanical 
issues are addressed within the framework of the COSMOS-2 satellite project.  
The selected storage site lies about 40 km West of Berlin, Germany. One injection well (Ktzi 201/2007) and two 
observation wells (Ktzi 200/2007, Ktzi 202/2007) were drilled in 2007, each to a depth of approximately 800 m. The 
wells are all close to vertical. The observation wells were drilled at a distance of about 50 and 100 m from the injection 
well. Injection started on June 30th, 2008. Up to May 2010, about 34 000 tonnes of CO2 have been injected into a saline 
formation of the Triassic age (Stuttgart formation) within the depth interval of 633-651 m below ground level. A 
maximum of about 60 000 tonnes is planned to be injected. The Weser formation is the immediate caprock, overlaid by 
the Arnstadt formation, 210 m thick altogether. The formations in the stratigraphic column at the injection well location 
are shown in Figure 1. The Stuttgart formation is of fluvial origin and consists of sand channels alternating with shaly 
facies. The Weser and Arnstadt formations are mainly made of claystone, dolomitic mudstones, and anhydrite (Förster 
et al., 2006; Norden et al., 2010). The storage reservoir is in the Eastern part of a double anticline structure, tectonically 
formed above a salt dome Permian in age (Zechstein formation) about 1500-2000 m depth. A natural gas storage site 
was previously operated in shallower Jurassic sandstones; residual gas production terminated in April 2004. Faults 
developed in the Jurassic section can be recognized down to the Stuttgart level (Juhlin et al., 2006). They are observed 
north of the injection well, with the Southern boundary of the fault system located at about 1.5 km of the Ktzi 201/2007 
well. They are oriented WSW-ENE to E-W (Figure 1). According to reservoir modeling work (Pamukcu et al., 2009), it 
has been shown that the CO2 plume does not reach the fault system during the injection phase. However, the pressure 
perturbation does extend to the faults. 
  
Figure 1.Upper left panel: Perspective view of the double anticline structure (Ketzin and Roskow anticline, from East to West). The reservoir model 
boundary is outlined by the black line. Main panel: Perspective view of the reservoir model (color coded according to horizontal permeability) 
overlaid with surfaces from Weser and Arnstadt formations, seismic interpreted faults and well trajectories (injection well in red, 2 observation wells 
in blue). North is indicated by the green arrow. Distances are in meters. Right panel: stratigraphic column at the injection well location.
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1D-MECHANICAL EARTH MODEL 
A 1D-MEM has been built along the injection well. For details on its building and validation, the reader is referred to 
Sinha et al. (2010). Mechanical properties were derived from wireline logs and various empirical correlations and were 
further calibrated on mechanical core tests. Grain- and clay-supported mechanical facies, identified by applying 
thresholds on gamma-ray and shear slowness logs, were treated differently. Pore pressure was inferred from available in 
situ measurements. It was found to be around 61.5 bar in the injection interval (633 – 651 m). One principal stress was 
assumed to be vertical and of magnitude equal to the density of the overburden. This corresponds to 144 bar at the 
injection depth. Processing of cross-dipole sonic log data yields the mean fast-shear azimuth of 150±5 degrees East of 
North that identifies maximum horizontal stress direction. Principal horizontal stresses magnitudes were computed 
according to a poroelastic model with boundary conditions fit to match stress magnitudes inverted from dipole sonic 
data. They are respectively equal to 126 and 140 bar in the injection interval. It was verified that predicted borehole 
stability conditions are consistent with observations and that the actual injection pressure is well below the modeled 
fracture pressure (and indeed, no indication of fracturing has been reported so far).  
STATIC 3D-MECHANICAL EARTH MODEL 
The static 3D-MEM is generated from the reservoir model, which simulates the extent of the CO2 plume and the 
pressure perturbation during injection operations.  The latter covers an area of 5 x 5 km (refer to Figure 1). Reservoir 
properties were derived from steady-state measurements on core material. The average porosity in the injection interval 
is 17% and the average horizontal permeability in the same interval is 32 mD. Due to the fluvial nature of the deposits, 
there are significant lateral and vertical heterogeneities in the reservoir properties distribution. The building and history 
match of the reservoir model is presented in Pamukcu et al. (2009).  
Building the mechanical grid 
The reservoir grid is expanded up to the surface, down to the Carboniferous basement rock (15 km depth), and laterally 
by about 3 to 4 times the pressure perturbation dimensions, so as to mitigate boundary effects and bending artifacts over 
the domain of interest. The original reservoir grid remains unchanged, and structural settings are accounted for. Along 
horizontal directions, the size of neighbouring cells increases by a factor of 1.5 from the edge of the reservoir grid to the 
edge of the mechanical grid (Figure 2). The thickness ratio between neighbouring cells is kept below 2. Interpreted 
seismic horizons, stratigraphic data and mechanical properties from the 1D-MEM (where available) are used to define 
the vertical gridding (mechanical layers). The final mechanical grid has 1 092 960 cells (92 x 88 x 135), including the 
525 252 cells of the reservoir model (78 x 74 x 91).  
Figure 2. Embedding of the reservoir model by addition of side-burdens. The central reservoir grid remains unchanged. 
Populating the grid with mechanical properties 
The mechanical grid is populated with deformation and rock strength properties, propagated uniformly in each layer. 
Data from the 1D-MEM is used in the overburden and reservoir section. Log-derived properties, namely Young’s 
modulus, Poisson’s ratio, unconfined compressive strength, friction angle, and tensile strength, are upscaled to the 
mechanical grid (Figure 3). A search in the literature is conducted to assign mechanical properties at depth intervals not 
covered by the 1D-MEM (Nagelhout and Roest, 1997). However, the Young’s modulus is gradually increased in the 
basement layers (up to 60 GPa), in order to stabilize the model and prevent bending artifacts. Moreover, the Poisson’s 
ratio of the Zechstein salt layer is set nearly equal to 0.5 (0.49) and its Young’s modulus (0.1 GPa) is adjusted to 
reproduce the value of the bulk modulus, so as to approximate the expected nearly lithostatic state of stress in that salt 
layer.  
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Figure 3. Upscaling to the mechanical grid of 1D-MEM log-derived properties. From left to right: Young’s modulus (E), Poisson’s ratio (), 
unconfined compressive strength (UCS) and friction angle (FANG). Logs are shown for the overburden. 
Fault model 
A fault system at the top of the Ketzin anticline has been interpreted from a 3D seismic survey (Juhlin el al., 2007). 
Fluid flow through faults has not been described in the reservoir model (e.g. a zero transmissivity value has been 
assigned to faults). Faults are, however, described in the 3D-MEM. Each cell cut by a fault is modeled as a fractured 
medium, with fractures parallel to the fault plane. Mechanical properties assigned to faults are shown in Table 2. 
Table 1. Mechanical properties assigned to fractures. 
Normal stiffness Shear stiffness Cohesion Friction angle Dilation angle 
400 000 bar/m 150 000 bar/m 0.01 bar 20˚ 10˚ 
DYNAMIC SIMULATION 
Coupling scheme 
The theoretical background of fluid flow and mechanical coupled processes is presented here, followed by an overview 
of coupling methods (e.g., Longuemare et al., 2002). Let us consider two equations discretized in time (dt): one 
describing the deformation of the rock mass, and the other one describing fluid flow in porous rock (see equations 
below, with coupling terms in red). When no coupling phenomenon is taken into account, forces (F) are related to 
displacements (u) with a compliance tensor [K] (geomechanics), and fluid flow (Q) is related to pressure changes (p) 
with a flow tensor [E] (reservoir modeling). Coupling is achieved when forces are also related to pressure changes and 
fluid flow is also related to displacements of the rock mass, both with a coupling tensor [L].  
In conventional flow simulators, only the fluid flow equation is solved. Pore volume variation is assumed to be only 
pressure dependent through a pore volume compressibility coefficient. Stress changes are therefore implicitly assumed, 
without being explicitly computed. In such simulators, reservoir permeability remains unaffected by pore pressure 
changes. Coupled equations can be solved via either partial or full coupling methods. Partial coupling methods make use 
of conventional flow and mechanical simulators through staggered coupling schemes. Each simulator solves one of the 
two equations, and data is exchanged at selected time steps. These methods take advantage of developments in 
conventional simulators, and they enable selection of different time steps for each simulator, hence reducing 
computational time. Full coupling methods solve simultaneously both equations. Efforts on developing such simulators 
are still ongoing. If a large number of iterations are performed with partial coupling methods, results can approach those 
obtained by full coupling methods.  
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In this study, a so-called one-way partial coupling method has been conducted in which the ECL2VIS process manages 
data exchange at given time steps between the ECLIPSE* finite difference reservoir simulator and the VISAGE* finite 
element mechanical simulator (Figure 4). In such a simulation scheme, the reservoir simulator is advanced forward in 
time; changes in pressure at selected times are passed to the mechanical simulator as pressure loads; the mechanical 
simulator computes stresses and strains to reach a new static equilibrium. The temperature difference between the 
reservoir and the injected CO2 was estimated to be less than 5˚C by Giese et al. (2008) and therefore thermally-induced 
stress were not addressed. Seven time steps are selected out of the 477 time steps of the reservoir simulator (Figure 5).  
Points representative of the pressure path are chosen, e.g. pressure peaks and shut down.  
Figure 4. Partial coupling schemes (adapted from Rutqvist et al., 2002). A one-way simulation has been conducted in this study. 
Figure 5.Time step selection for the one-way simulation.  
Initialization 
Prior to simulating perturbations induced by CO2 injection, the static 3D-MEM is initialized. Initial pore pressure and 
gravity loads, as well as stress boundary conditions are applied to the model (Table 2). The latter is set to reproduce the 
available stress measurements along the injection well. Resulting stresses at static equilibrium are extracted along the 
injection well and are found to match these from the validated 1D-MEM (Figure 6). The entire model is screened to 
assess how close to failure the formations and the faults are. The intact rocks are found to be within their elastic domain.
The faults are found to be initially stable, with some parts of the faults close to the failure criterion. Stress tensor 
rotation is observed around faults, as expected, due to the difference of mechanical properties between intact rock and 
faults (Figure 7). The initialized stress state is used as the starting point for subsequent dynamic analyses.  
Table 2. Boundary conditions applied to 3D-MEM for initialization. 
Pp gradient Sv gradient SH gradient Sh/SH SH azimuth 
0.10 bar/m (gz) 0.197 bar/m 0.92 150˚ 
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Figure 6. Initial pressure and stress magnitudes profiles along injection well trajectory from the equilibrated 3D-MEM (black curves) and the 1D-
MEM (colored curves). Principal horizontal stress estimates from dipole sonic log data (green outlined triangles) are superimposed for comparison. 
Figure 7. Stress tensor rotation around faults. Horizontal cross-section in caprock. Boundary conditions for SH azimuth: N150˚E.  
Results from CO2 injection simulation 
The simulation was conducted over 477 days after the start of CO2 injection. The maximum pore pressure increase due 
to CO2 injection is 19 bar and is located around the Ktzi 201/2007 well at injection depth (Figure 8). A maximum 
cumulative volumetric strain of 0.20 millistrain (mS) remains 20 m around the injection well (Figure 9). It remains 
below 0.16 mS at 500 m from the injector, and below 0.10 mS at fault locations. No cumulative plastic strain is 
observed throughout the model (neither within the caprock, nor within the reservoir). The caprock remains below failure 
criterion in all points, and no tensile stresses are observed (the smallest compressive stress observed over the domain is 
9.5 bar, at fault locations). Fault conditions remain stable, i.e. no fault reactivation is predicted. The least stable faults 
are those closer to the injection well (Figure 10). The most stable is perpendicularly aligned with SH. No variation is 
observed in the stress tensor orientation around faults during injection. The maximum vertical displacement is 5 mm at 
surface and 7.3 mm at the reservoir top (Figure 11). It remains below 6 mm at 500 m from injector at the reservoir top.  
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Figure 8.  Pore pressure increase during CO2 injection at different times. Horizontal cross-section at injection interval. Faults elements are shown in 
orange. The model dimensions shown are 5 x 5 km.
Figure 9. Cumulative volumetric strain. Perspective view of the reservoir section, showing the top. 
Figure 10. Initial (green) and final (blue) state of stress for least stable fault. Each data point represents the state of stress of one fault element. 
Figure 11. Vertical displacement at surface (lower panels) and at reservoir top (upper panels). Model dimensions shown is 5 x 5 km. 
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DISCUSSION 
The one-way simulation conducted in this study does not account for mechanical effects on flow properties. These 
effects can be addressed in a two-way simulation in which the stresses and strains computed in the mechanical simulator 
are translated in terms of pore volume and permeability changes. However, the computed volumetric strain field 
suggests that these effects should be insignificant. 
The following statements are made from the interpretation of CO2 injection simulation results: 
- Results confirm the Zechstein salt formation needs to be included in the model, as it affects the initial stress 
field in surrounding layers. Perturbations due to the lithostatic state of stress in the salt are observed up to the 
base of the Grabfeld formation, but do not reach the reservoir or the modeled faults. 
- As no in situ data is available on fault strength, a conservative failure criterion is used. Results on fault stability 
should therefore be considered as a worst case scenario. 
It should be emphasized that results presented are based on the mechanical properties and stress conditions applied. 
Uncertainties could be reduced if the following data became available:  
- Complementary, and even redundant, stress datasets – the initial stress field is constrained by only one dataset 
(dipole sonic data inversion).  
- Additional laboratory mechanical tests, to better constrain mechanical properties. 
It is worth noting that during the industrial operational phase of a CO2 storage site, measuring surface deformation (e.g. 
with InSAR data) can complement pressure data for building a history-matched coupled reservoir and geomechanical 
model of the storage site. Indeed, such a coupled approach provides an insight of the pressure distribution at a large 
scale and should be considered in a storage monitoring system.  
CONCLUSION 
A static 3D-MEM of the Ketzin CO2 storage site was built. The objective was to identify possible failure in the caprock, 
assess fault stability, and determine possible ground surface elevation. The 3-dimensional grid was expanded from that 
of the reservoir model. It makes use of a 1D-MEM previously built along the injection well, and follows stratigraphic 
and structural settings. The grid was populated with deformation and strength properties, upscaled from the validated 1-
dimensional profile, or taken from the literature. The static model was initialized by applying stress boundary 
conditions, pore pressure and gravity loads. A good match is achieved with available stress measurements. Critical time 
steps are chosen from previous reservoir modeling work, and the corresponding pressure maps are passed to the 
mechanical simulator as pressure loads. Equilibrated stress and strain distributions were computed for each of these time 
steps. Results are screened, and no failure is observed in the caprock. Faults remain stable throughout the simulation of 
CO2 injection operations. A limited vertical displacement (less than 5 mm) is predicted at surface.
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